Drosophila Memory: Will Orb(2) Predict the Future?  by Krashes, Michael J. & Waddell, Scott
which are repressors of the ARF-type
transcription factors necessary for
auxin-modulated gene expression. But
AUX/IAA proteins are not the only ones
destabilized by auxin: the stability of
an important cell-cycle regulator, the
E2FB transcription factor, is also
sensitive to auxin levels [12]. The
non-uniform auxin distribution in the
root apex therefore generates a
hothouse for change, an environment in
the root apex in which the abundance
of (regulatory) proteins can be
controlled with cellular resolution. The
identification of further proteins whose
stability is regulated by auxin is eagerly
awaited.
PLETHORA transcription factors are
one conduit for auxin action: their
abundance is graded and mirrors the
auxin distribution pattern in the root
apex [4]. Interestingly, different levels
of PLETHORA proteins condition
distinct cellular responses. But they are
not simple downstream effectors of
auxin action: expression of PLETHORA
genes is dependent on auxin-regulated
ARF factors [13], but crucially, the
expression of PIN genes is contingent
on PLETHORA activity [4]. This reveals
a feedback control between the
supra-cellular auxin patterning network
that sets up the auxin capacitator and
the PLETHORA factors that are major
determinants of root cell identity. Such
interlocked loops of regulatory
networks are robust, more resistant to
noise, but nonetheless allow for
modulation by external inputs, as
modeling of circadian oscillators has
shown [14].
While some of the PLETHORA genes
were originally identified genetically, in
interconnected regulatory networks, it
can be difficult to dissect functional
properties for individual genes if their
loss leads to pleiotropic phenotypes.
Brady et al. [3] have taken the analysis
of gene expression networks in
individual cell types of the root to an
unprecedented resolution, using
fluorescence-activated cell sorting to
separate individual cell types of the
root and identify co-regulated genes
in different domains of the root apex.
It will be interesting to see how these
new tools contribute to a detailed,
mechanistic understanding of root
patterning and growth control in the
future.
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Predict the Future?
Genetically tractable organisms with relatively simple nervous systems offer
a realistic platform to understand how and where memories are formed and
stored in defined neural circuits. Recent work in Drosophila provides promise
that this analysis may soon reach the resolution of identifiable synapses.Michael J. Krashes
and Scott Waddell
It is widely believed that long-term
memories are represented in the brain
as persistent changes in synaptic
strength and structure. A considerabletask that faces memory researchers
is to pinpoint the specific synapses
within defined neural circuits that are
modified by experience. Individual
neurons also face a localization
problem, in that they need to deliver the
relevant modifying components fromthe soma to only a few, of their
thousand or more, synapses.
Therefore, visualizing the molecular
machinery that neurons use to
accomplish this feat could reveal the
relevant synapses. A recent paper in
Nature Neuroscience by Keleman et al.
[1] indicates that the Drosophila Orb2
protein may be such a molecule.
Orb2 is a member of the cytoplasmic
polyadenylation element binding
(CPEB) family of RNA-binding proteins
that were implicated in activity-
regulated local protein synthesis at
synapses several years ago [2].
Activity-dependent synaptic protein
synthesis provides a convenient and
Dispatch
R75simple method by which a neuron
can specifically ‘tag’ a potentiated
synapse for subsequent ‘capture’ of
components from the soma that are
otherwise delivered cell-wide [3–5]
(Figure 1). A neuron specific CPEB
isoform in Aplysia is upregulated at
active synapses and is required for
maintenance of long-term facilitation,
consistent with the idea that CPEB
itself could be part of a synaptic tag [6].
Furthermore, it has been demonstrated
that the glutamine-rich amino terminus
of Aplysia CPEB has prion-like activity
in yeast, which led to the striking
proposal that a stable conformational
switch in synaptic CPEB might provide
an indelible synaptic tag to maintain
long-lasting memory [7].
Flies have two CPEB genes, orb
and orb2. Several studies have
demonstrated a role for orb in the
oocyte [8–10] but a role in the nervous
systemhas, to our knowledge, not been
reported. Both Si et al. [6] and Keleman
et al. [1] used in situ hybridization to
RNA to demonstrate that orb2 is
expressed in the fly brain. The orb2
gene produces four transcripts which
encode two distinct protein isoforms,
Orb2A and Orb2B; it remains unclear
whether the two protein isoforms are
expressed in different places.
To test whether Orb2 and its putative
prion-like domain have a role in
behavioral memory, Keleman et al. [1]
used homologous recombination to
produce flies that either completely
lack orb2 function (most of the coding
region is deleted, orb2D) or that only
express Orb2 proteins that lack the
glutamine rich amino terminus
(orb2DQ). It is worth noting that the
null orb2D mutant flies are not viable,
whereas both orb2DQ homozygous
and orb2DQ/orb2D trans-heterozygous
flies appear healthy as adults. This
suggests that the Orb2 protein has
a function in development that does
not require the amino terminus.
Using these flies, Keleman et al. [1]
investigated a role for Orb2 in male
courtship plasticity. The courtship
behavior of a male fruit fly involves
chasing the female and performing
a number of stereotyped maneuvers,
including vibrating a wing to play
a species-specific courtship ballad.
These maneuvers can be stimulated
and/or inhibited by volatile and
nonvolatile pheromonal signals from
the female [11–14]. In the lab, if a male
fly is exposed to a previously mated









Figure 1. The synaptic tag concept.
A single neuron has many input and output synapses (blue circles). Training potentiates a
specific synapse and simultaneously tags it (red circle) so that it can specifically ‘capture’ new
products from the nucleus and soma that are delivered cell-wide and are required for long-
term maintenance of the plasticity. It is not clear whether Orb2 is pre and/or postsynaptic in
Drosophila.moves) for one hour, his subsequent
advance toward a similar female is
suppressed [11,15]. This male
courtship suppression is called
courtship conditioning. Depending on
the duration of the ‘training’ protocol,
the memory formed can be short-term
and last for hours, or can be long-term
lasting for days [16].
Keleman et al. [1] found that orb2
mutant flies have normal short-term
courtship-conditioned memory, but
are severely defective in long-term
memory. Memory persists at least
a day in wild-type male flies following
a 5 hour pairing with an unreceptive
female but memory of orb2DQ/orb2D
males does not last beyond 9 hours
after training, indicating that Orb2
is critical to either form or maintain
long-term courtship memory.
To determine the neural circuitry in
which Orb2 function is sufficient for
courtship memory, Keleman et al. [1]
restored orb2 expression to specific
brain regions using either an
UAS-orb2A or UAS-orb2B transgene.Consistent with the known role of the
mushroom body in olfactory [17] and
courtship memory [18], the authors
found that expressing either UAS-orb2
transgene in the mushroom bodies
restored courtship memory to
otherwise orb2 mutant flies.
Furthermore, restricting expression
to the unbranched gamma lobe
mushroom body neurons (but not to
other subsets of mushroom body
neurons) rescued long-term courtship
memory, which suggests that Orb2 is
likely to function in the mushroom
body gamma neurons to engender
long-term courtship memory.
To ascertain when Orb2 function is
required for long-term courtship
memory, Keleman et al. [1] used the
‘TARGET’ system [19] to restrict the
restoration of orb2 expression in space
and time. They found that supplying
orb2 expression to the mushroom
bodies in adulthood restored courtship
memory, supporting the idea that the
orb2 mutant phenotype results from
a lack of Orb2 function in the adult
Apoptotic Cell Recognition: Will the
Real Phosphatidylserine Receptor(s)
Please Stand up?
The recognition of phosphatidylserine (PS) on apoptotic cells within tissues
drives both their engulfment and an accompanying anti-inflammatory and
tissue restorative program. Insight into the recognition of this phospholipid
signal by phagocytes is provided by papers describing three new, but
completely different, PS receptors.
Donna L. Bratton
and Peter M. Henson
The recognition, engulfment and
recycling of apoptotic cells is of
fundamental importance in
development, remodeling, tissue
homeostasis, the immune system and
resolution of inflammation. Apoptotic
cells are recognized and phagocytosed
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in the neural circuitry. Furthermore,
expressing orb2 just before training
restored long-term memory whereas
supplying it just after training did not.
Therefore Orb2 is likely to function in
mushroom body gamma neurons
during or shortly after training,
consistent with a role in the formation
of long-term courtship memory.
Because Orb2 is thought to be
a component of the synaptic tag and/or
regulates the expression of tag
components [1], findinganacute role for
orb2 in the gamma neurons of the
mushroom bodies suggests that
courtship (perhaps pheromone)
memories are represented there.
Using the same restoration of orb2
expression approach, it should be easy
to localize courtship memories to
a smaller subset of mushroom body
gamma neurons. Furthermore, if it can
be determined that Orb2 is indeed
localized to thesynapse, activatedOrb2
may ultimately allow visualization of the
memory-relevant individual synapses.
Keleman et al. [1] did not find
a functional distinction between the
Orb2A and B isoforms. It is possible
that they are functionally redundant
but differences may be revealed when
they are expressed at lower level. It
will be important to determine whether
the A and B isoforms function in the
same neurons and in the same way. It
is worth noting that Orb2 belongs to
the CPEB2 protein subfamily and that
mammalian CPEB2-4 proteins bind
sequences distinct from the
cytoplasmic polyadenylation element
[20] and therefore likely stimulate
translation in a different way to
CPEB1/Orb.
The obvious question that arises
when finding a role for an RNA-binding
protein (or transcription factor) in
memory is the identity of the regulated
transcripts. This is especially exciting
for Orb2 because these mRNAs could
reveal the necessary synaptic
components of long-term memory and
perhaps the physical nature of
a synaptic tag. The results of Keleman
et al. [1] are consistent with Orb2 itself
being a component of the tag and
provocatively, Orb2 variants that lack
the prion-like amino terminus retain
function sufficient for the flies to
develop, but they cannot form, or
sustain, long-term memory. It will
therefore be important to determine
whether the Orb2DQ protein localizes
appropriately in neurons and whetherthe Orb2 amino terminus mediates
binding to other proteins and/or
whether prion-like Orb2 self-
aggregation is the key to long-lasting
memory [6,7].
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